The zeta potential of tristearoylglycerol crystals suspended in olive oil was determined by means of electrophoretic light scattering at high field strengths. The effects of various additives (electrolytes, fatty acids, monoacylglycerols, phospholipids)
Introduction
During the production of fat spreads, crystals are formed in the oil phase by the cooling of a solution of high melting triacylglycerols ("fat") in low-melting triacylglycerols ("oil"). These subsequently agglomerate into larger aggregates that form a fat crystal network throughout the product. The rate of aggregation of the fat crystals has a considerable influence on the product properties.
The agglomeration process does not proceed to the same degree in all cases. This may be due to differences in size and concentration of the elementary fat crystals, but also to differences in the nature and magnitude of the interaction forces between them. Up till now, the van der Waals forces acting between the crystals have been supposed to control their aggregation. However, these forces depend only slightly on the nature of the oil and the fat phase. In aqueous systems, electrostatic repulsive forces are of paramount importance for controlling aggregation. Their relevance to suspensions in apolar liquids is less commonly accepted but has been established in a number of cases [ 11. By providing data of electrophoretic mobilities, the present work is an investigation of whether the aggregation of the fat crystals may be affected by the presence of an electrostatic interaction between them.
Theoretical aspects
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Surface charges on colloidal particles in apolar liquids may be present [l&3] and can be caused by one of the mechanisms which will be discussed here. The thermodielectric effect [4, 5] can be under-stood by considering a parallel-plate capacitor which is filled with a material. This material is fluid near one plate and solid near the other plate. Heating or cooling of the first plate causes migration of the boundary surface between the phases parallel to the electrodes and produces a difference in potential between the plates. This effect is thought to be due to a difference in the density of weakly bound electrons in both phases. The extent of charge separation is described by Q = Kdtn (1) where Q is the electric charge generated in the thermodielectric cell during the change in mass, dm, from phase 2 to phase 1 and K (C kg-') is the thermodielectric constant, which is regarded as a quantity characteristic of the above process. Values of K are usually of the order of 10-7P10~" C kg-'. (A list of symbols is given in Appendix 1).
Triboelectric charge generation [6-S] can occur in flowing apolar liquids. When such a fluid flows relative to a solid, electrical charges will be generated if ions with a particular charge are adsorbed onto the solid while ions with the opposite charge remain in the fluid. If the conductivity of the fluid is sufficiently low, these charges cannot be dissipated and a net charge builds up in the fluid. During the pumping and agitation of dispersions, relatively large charge separations may arise.
Collision of the particles (together with their double layers) against the walls causes a part of the oppositely charged ions to adhere to these walls; this constitutes the origin of the charge separation.
Experiments indicate that the conductivity of the liquid is one of the most crucial factors in this phenomenon.
If it is less than lop9 0-l m ', charge separations of up to 1500 uC m -' may occur [ 81.
If ionic additives (such as surfactants) are added, the sign of the charge acquired by the particle is determined by the values of the free energy of adsorption of the surfactant cations and anions
c31.
If no adsorbable ions are present, the most important mechanism for charge build-up in nonaqueous media is the dissociation of surface groups [3] . In this case, proton transfer is almost entirely responsible for the transfer of the charge between the continuous and the dispersed phase. The dissociation equation is then controlled by the relative basicities and acidities of the solvent and the particle, i.e.
SH; + B-++SH + HB++S-+ HzBi
where HB and SH represent the solvent and a particle respectively.
Principles of measurement
In the present investigation the zeta potential was measured by electrophoresis.
In this method, by applying an external electric field the particles are caused to move relative to the surrounding liquid with a velocity 1'. Henry derived the following equation for a non-conducting particle [9] :
where E is the electric field strength, u is the electrophoretic mobility, Em is the permittivity of a vacuum. E, is the relative dielectric constant of the fluid, [ is the zeta potential, 11 is the viscosity of the medium, u is the particle radius andf(Ka) is a function which depends on the shape and size of the particle and the extent of the double layer l/x, where K is given by
Here, z is the valency of ions in the fluid, r is the charge of an electron, ~1' is the number of ions per unit volume of bulk liquid, k is the Boltzmann constant and T is the absolute temperature.
In non-polar liquids, the thickness of the double layer is generally commensurate or even large relative to the diameter of the particle (Hiickel approximation), so that we expect that KCI < 1. In that case, f(rca)= 1 with a deviation of less than 3% [9] .
The value of K must be known in order to check the validity of this assumption.
Because the solubility of electrolytes in oil is very low, K can best be estimated from the conductivity ii of the oil, which is given by '4 =2nozr$ (4) where vi is the velocity of the ions and is given by zeE vi == (5) where Yi is the ionic radius and v is the viscosity of the fluid. Combining Eqs. (3), (4) Note that owing to relaxation phenomena in the double layer, the function f in principle depends on the valency of the ions in a more complicated way than is suggested here, especially at higher zeta potentials.
However, in our case the zeta potentials are usually relatively small, and we assume that the dissociated electrolyte in the apolar oil is only univalent. Under these conditions, with KU < 1, the effect of the relaxation on f is in most cases completely negligible, but at least much smaller than the uncertainty in our measurements. Therefore we neglect this effect.
Experimental

Methods
The electrophoretic mobilities of triacylglycerol crystals in olive oil were measured using a Malvern Zetasizer III equipped with the AZ-26 measuring cell for apolar liquids. This instrument uses heterodyne detection. An He-Ne laser beam is split into two beams of equal intensity. At the intersection of the beams an interference pattern consisting of lighter and darker fringes is formed. The movement of the particles through these fringes causes a periodic variation of light scattering, the frequency of which is proportional to the velocity of the particles. By applying a small frequency shift to one of the beams, the interference pattern moves through the observation window. This allows us also to detect the direction of the velocities and any zero velocity of stationary particles.
Very high field strengths are required to determine electrophoretic velocities in the tristearoylglycerol-in-olive-oil system, as may be illustrated by the following example. Let us assume that the zeta potential is 30 mV. Because the viscosity of olive oil is approximately 80 x 10e3 Pa s and its relative dielectric constant is approximately 3, the mobility equals 6.7 x lo-r2 m2 V' s-i. In water, the mobility for the same value of the zeta potential would be 2 x 10m8 m2 V-' ssl.
The high electric field required in non-polar media will, unless the field is perfectly homogeneous, also induce polarization of the particles so that they tend to arrange themselves into chains which then migrate between the electrodes [ 111.
The dielectric polarizability may also contribute to the electrophoretic velocity. According to Parreira [ 121, this contribution is proportional to VE2 which is a measure of the inhomogeneity of the field (note that the electric field in most electrophoresis cells is actually not homogeneous). In the present case, however, the vertical distance between the electrodes is so much smaller compared with the distance in the other directions (typically 1 cm) that this phenomenon does not play a role. Thus it is possible to perform the measurements anywhere within the cell except near the edges.
Each measurement took 60 s. When the combination of electric field strength and its duration went beyond a critical level, the measured electrophoretic mobilities increased. This is thought to be due to the Wien effect [ 131. We will report on this phenomenon in a separate paper. In order to prevent this effect the field ( 150 V over 1 mm) was reversed after 100/125 s (100 "cycles" of 1./125 s each); during reversion the field was set to 0 V for 11125 s.
Mutrrials awl their ph!sictrl properties
Tristearoylglycerol (ex BDH Chemicals; melting point 66-C) was recrystallized three times in acetone (20 g fat in 300 ml acetone). with approximately 2 g of Norite (active carbon) added to the solution during the first recrystallization.
The melting point of the purified product was 72-C.
Olive oil (Sigma Diagnostics. catalogue no. o-1500) was purified by shaking the oil together with silica gel (ratio of oil to silica gel was 1O:l ) after which the silica gel was removed by filtration using a Millipore filter (0.15 pm). After purification, its interfacial tension against distilled water, as determined with a Kriiss KTlO tensiometer, was 3 1.3 mN rn-'. Exceedingly pure olive oil has a surface tension of 35 mN mm' [ 141. Owing to auto-oxidation, it is impossible to maintain the purity of the oil for more than a few days. The viscosity 11 of the oil was measured as a function of temperature t ("C) using a Contraves Reomat 115 and can be represented by logY/=O.52137-1.1907 log t
where q is in units of Newtons seconds per square metre. The dielectric constant E, of the oil was measured using a Boonton Electronics direct capacitance bridge, model 75C, and was found to be 3.1 (literature value; 3.2 [ 151).
Two methods were used to measure the d.c. conductivities of the samples.
(i) The dielectric loss angle of the samples was measured over a range of low frequencies. These measurements were performed in a Rhode-Schwarz KMF BN 5721 measuring cell using a locally developed loss tangent measuring bridge [16] . The relationship between the loss angle 6 and the d.c. conductivity n is given [ 171 by (8) where E: and E: are the real and imaginary components of the dielectric constant and w is the frequency. The conductivity is then obtained by evaluating the slope of the low frequency part of a plot of tan 6 versus w while assuming that E: z:E,.
(ii) Liquid conductivities were measured directly using a Keithley Instruments solid state electrometer. In view of the very low values of the conductivities, the agreement between the two methods was satisfactory except for the sample with 0.05 wt.% Epikuron.
The following additives were used: Epikuron 145, Epikuron 
Sample preparation
The preparation of the fat suspensions has to be rigidly standardized in order to allow mutual comparison between samples. We used the following procedure. The desired amount of tristearoylglycerol was added to a known quantity of olive oil and was dissolved by heating the mixture for approximately 15 min at 72°C. The hot solution was then transferred to a test tube (16 mm in diameter, filled to a height of 9 cm), cooled during 10 min in a water-filled constant-temperature bath maintained at 2°C by means of a cryostat, and was held at this temperature for 25 min. This period proved to be sufficient to produce samples which showed good scattering and consisted of particles that were not too large. After 25 min the test tube was removed from the bath and stored at room temperature (22°C). After about 1.5 h the sample was transferred to a syringe and injected into the Zetasizer; the measurements were performed again at 22°C. The measured values of the zeta potential proved to be independent of the time after injection.
Thus certain samples were measured repeatedly over a period of several days without any change in the zeta potential. During these operations, precautions were taken to reduce moisture as far as possible. The influence of the moisture content on the zeta potential was also investigated directly by comparing two samples, one of which had been dried with well-desiccated silica gel, while the second sample was watersaturated by shaking with an equal volume of water, after which the phases were separated by centrifugation.
In both cases the zeta potential was found to have the same value.
The additives were added to the purified olive oil before the tristearoylglycerol was added. NaCl, HCl and NaOH were added to the oil by shaking their aqueous solutions together with the oil phase. Monostearoylglycerol, oleic acid and the phospholipids were dissolved in the heated oil phase. Consequently, crystallization took place in the presence of these additives and may have been influenced by their presence.
The size of the fat crystals was measured under the microscope.
The samples consisted of a free dispersion of plate-and needle-like particles, with a maximum particle size of about 2 pm.
Results
The measured conductivities of the samples are presented in Table 1 . The values of IC were calculated by means of Eq. (6) variety of samples. The tabulated spread indicates that the measurements have a relative error of lo-15%. At low values of the zeta potential (a few millivolts) this error may even become 50%. Table 2 presents the zeta potentials measured on samples in the absence of intentional additives. Only the purity of the fat and the oil then exert any influence. The data relate to the purity of the oil and the tristearoylglycerol (where i and p denote impure and pure respectively), the quantity of tristearoylglycerol added, the measured values of the zeta potential and the standard deviation of its average value.
water phase before adding 0.2 mass% fat to the oil phase. Only with 1 M NaCl in the aqueous phase were significant effects on the zeta potential visible; the zeta potential changed from 8 to -3 mV (in the case of non-purified fat) or from 2 to -2 mV (in the case of purified fat).
With mixtures of purified oil and purified fat (O.l-0.2%) the effects of a few additives that chemically resemble oil and fat were investigated. Adding oleic acid (at 0.3%), monostearoylglycerol (at 0.1%) or stearic acid (at 0.014%) increased the zeta potential of the fat crystals by a few millivolts (from 2 mV to 8 mV, 6 mV and 10 mV respectively). We also introduced HCl. NaOH (pH between 1.8 and 11) or NaCl by shaking a purified oil phase together with the electrolyte containing the Table 2 Zeta potentials in the absence of additives More extensive measurements were conducted for stearic acid because its effect on the zeta potential is much larger than that of any other component discussed until now. For these measurements, again both purified fat and purified oil were used. Figure 1 gives a graphical representation of the effect of stearic acid on the zeta potential for 0.2% (w/w) fat dispersions. Above concentrations of approximately 0.1 wt.% stearic acid, the spread in the measured values increases rapidly.
The effect of the addition of three types of Epikuron is even larger than that of monostearoylglycerol, as is shown in Table 3 . The largest effect is produced by Epikuron 200. The concentration of Epikuron is only known within an accuracy of 0.003 wt.% because it is a very sticky substance, so that quantitative manipulation of small samples is difficult.
Discussion
Mechanism producing the surface charge
The results clearly demonstrate that fat crystals in oil carry a charge. The size of this charge strongly depends on the purity of the fat and the oil as well as on the type of additive. Earlier, four mechanisms were described that might produce the electric charge on the particles. Of these, the thermodielectric and the triboelectric effects will be shown to be negligible.
It follows from Eq. (1) that the surface charge density go generated by the thermodielectric effect on a particle with an equivalent spherical radius a that crystallizes from the oil is given by (TV = paK/3 where p is the fat crystal density. The corresponding zeta potential, assuming spherical geometry, can be estimated from this surface charge density C91 by
Using K= 10m6 C kg-' and 1c=7 x lo5 m-' in an apolar liquid leads to an overestimation of [ = 0.08 mV for 1 urn particles. Thus the thermodielectric effect is negligible in our case.
The magnitude of triboelectric charge acquisition can likewise be expressed in terms of the zeta potential. The charge separation per volume (QY) is related to the surface charge density by go = QYa/3. Using Eq. (10) and an (overestimated) value of 1500 uC me3 for Qv, a zeta potential of 0.09 mV is found. The conclusion is that the triboelectric potential is negligibly small as well. Thus the surface charge must be caused either by the selective adsorption of ions or by the dissociation of surface groups.
The zeta potential offat crystals in oliue oil: the injuence of additives
The zeta potential of fat crystals in olive oil is almost always positive and is strongly influenced by the presence of impurities and additives. The zeta potential decreases with increasing purity of the fat and oil phases and may be close to zero in the absence of impurities. Impurities that are readily adsorbed on the fat crystal surface have the greatest effect. Thus the influence of stearic acid on the zeta potential is much larger than that of oleic acid. This difference might be related to their chemical structure: the straight hydrocarbon chains of stearic acid can be incorporated in tristearoylglycerol more readily than the kinked chains of oleic acid. Direct adsorption measurements could be carried out to confirm these indirect results relating to adsorption.
Depending on the conditions, fatty acids can act either as proton donors or as proton acceptors.
Our experiments indicate that, in the present system, fatty acid molecules constitute stronger proton acceptors than the triacylglycerols on which they adsorb: thus the slightly adsorbing oleic acid increases the zeta potential only slightly, whereas the strongly adsorbing stearic acid strongly increases this potential. Thus
will proceed more readily than We suggest that the factor that limits the charge transfer to the fat crystals is the number of protonacceptor groups on their surface rather than the number of molecules of fatty acid present in the oil. This does not, however, explain why protons tend to adsorb. However, our measurements suggest the presence of this mechanism.
The addition of phospholipids, which have been reported to adsorb strongly on fat crystals dispersed in oil [IS], also produced positive zeta potentials.
Again. their presence on the crystal surface appears to increase strongly the number of proton-acceptor groups, resulting in enhanced proton transfer.
At stearic acid concentrations above 0.1 wt.%, the scatter in the readings increased markedly. At this concentration, the stearic acid may form either separate crystals or mixed crystals with tristearoylglycerol. The former assumption was tested by preparing a solution of 0.3 wt.% stearic acid in olive oil, which was subsequently kept at 2rC for 90 min. No precipitate was formed. Thus the effect of stearic acid appears to be due to the formation of mixed crystals. Table 3 are plotted against the phosphatidylcholine content of each system, the results for the various types of Epikuron nearly coincide (Fig. 2) .
Conclusion
The presence of salt from aqueous 1 M NaCl The zeta potential of fat crystals in olive oil can caused a slight decrease in the zeta potential. This be measured, although only by using a method suggests that negative ions were adsorbed somecapable of registering extremely low velocities what more readily by the fat than were positive (approximately 1O-7 m SC'). When the signal was ions. Inorganic hydroxides or acids up to a level processed by means of the autocorrelation of the of about 10m2 M in the water phase had no noticelight intensity, laser-Doppler anemometry proved able effect; higher concentrations of these electroto be a suitable method, provided that high field strengths (1.5 x lo5 V m-l) were used. The applied field strengths were, however, not so high that phenomena which interfere with electrophoresis occurred. An important condition for the application of this method is that the sample produces good scattering of the light.
Since the solid phase is formed by crystallization in the continuous phase, the sample preparation procedure must be accurately controlled. The following process parameters are important: the temperature of crystallization (2' C), the crystallization period (25 min) and the tristearoylglycerol concentration (approximately 0.2 wt.%). The zeta potential was found to be positive in almost all cases and was strongly influenced by the presence of contaminants (and/) or additives, Neither the thermodielectric effect nor triboelectric charge acquisition produced a significant contribution to the zeta potential.
The zeta potential decreased with increasing purity of the fat and oil phases. Addition of NaOH, HCl and NaCl from an aqueous solution had little influence on the zeta potential. Monostearoylglycerol and oleic acid produced a somewhat larger effect, but still resulted in relatively low values. Stearic acid showed a more noticeable effect. The zeta potential was, however, influenced most strongly by Epikuron, of which phosphatidylcholine proved to be the active ingredient.
A concentration of approximately 0.01% of this component already resulted in a zeta potential of 27 mV, while a concentration of 0.045% even produced a zeta potential of more than 60 mV.
Epikuron 145
Composition: 
